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Abstract: Although originally classified as galaxies, Ultra Compact Dwarfs (UCDs) share 
many properties in common with globular star clusters. The debate on the origin and 
nature of UCDs, and the recently discovered ultra-faint dwarf spheroidal (dSph) galaxies 
which contain very few stars, has motivated us to ask the question 'what is a galaxy?' Our 
aim here is to promote further discussion of how to define a galaxy and, in particular, what 
separates it from a star cluster. Like most previous definitions, we adopt the requirement 
of a gravitationally bound stellar system as a minimum. In order to separate a dwarf 
galaxy from a globular cluster, we discuss other possible requirements, such as a minimum 
size, a long two-body relaxation time, a satellite system, the presence of complex stellar 
populations and non-baryonic dark matter. We briefly mention the implications of each 
of these definitions if they are adopted. Some special cases of objects with an ambiguous 
nature are also discussed. Finally, we give our favoured criteria, and in the spirit of a 
'collective wisdom', invite readers to vote on their preferred definition of a galaxy via a 
dedicated website. 
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1 Introduction 

Astronomers like to classify things. That classification 
may initially be based on appearance to the human eye 
(e.g. Hubble 1926), but to make progress this taxon- 
omy may need to have some basis in the underlying na- 
ture/physics of the objects being examined. With this 
mind, astronomers need a working definition so as to 
divide objects into different categories and to explore 
the interesting transition cases that might share com- 
mon properties. Hopefully this results in additional 
insight into the physical processes that are operating. 

Perhaps the most famous recent case of classifica- 
tion in astronomy is the International Astronomical 
Union's definition of a planet and its separation on 
small scales from minor bodies in the solar system. 
This was partly motivated by the recent discoveries of 
several planet-like objects that challenged the previous 
loose definition of a planet. After 2 years of prepara- 
tion by an IAU working group and 2 weeks of debate 
at an IAU General Assembly in Prague, the IAU pre- 
sented its new definition for a planet. The criteria 
included a clause that a planet should dominate its 
local environment, which Pluto did not, and hence it 
was officially removed from its long standing status as 
a planet (see also Soter et al. 2006). This decision was 
not uniformly welcomed, especially among the general 
public. 

There is no widely-accepted standard definition for 
a galaxy. In this paper we discuss the issue of small 
scale stellar systems, in particular dwarf galaxies and 
what separates them from star clusters. A working 



definition for a dwarf galaxy was suggested in 1994 
by Tammann, i.e. those galaxies fainter than Ms = 
-16 and more extended than globular clusters. Since 
that time Ultra Compact Dwarf (UCD) objects (Hilker 
et al. 1999; later called galaxies by Drinkwater et 
al. 2000 and Phillipps et al. 2001) and ultra-faint 
dwarf spheroidal (dSph) galaxies around the Milky 
Way have been discovered. UCDs (also called Inter- 
mediate Mass Objects and Dwarf Galaxy Transition 
Objects) have properties intermediate between those 
traditionally recognised as galaxies and globular star 
clusters. Whereas some of the ultra-faint dSph galax- 
ies contain so few stars that they can be fainter than 
a single bright star and contain less stellar mass than 
some globular clusters (e.g. Belokrov et al. 2007). 



2 Ultra Compact Dwarfs: star 
clusters or galaxies? 

UCDs have sizes, luminosities and masses that are 
intermediate between those traditionally classified as 
globular clusters and dwarf galaxies (e.g. Dabring- 
hausen et al. 2008; Forbes et al. 2008; Taylor et al. 
2010). Their properties and relationship with 'normal' 
globular clusters have been reviewed recently by Hilker 
(2009). Although UCDs have similar luminosities and 
stellar masses to dwarf spheroidal galaxies, they are 
much more compact. They have been shown to con- 
tain predominately old aged stars and to be pressure- 
supported (Chilingarian et al. 2010). Unlike the lower 
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mass globular clusters (with a near constant half-light 
radius of r^ ~ 3 pc), UCDs reveal a near linear size- 
luminosity trend (Dabringhausen et al. 2008; Forbes 
et al. 2008; Taylor et al. 2010). 

There is no universally-accepted definition of a UCD, 
however parameters commonly adopted are: 

• 10 < r h /pc < 40 

• -10.5 >M V > -14 

• 2 x 10 6 < M/M Q < 2 x 10 8 . 

Some workers also apply an ellipticity criterion to 
ensure near roundness (e.g. Madrid et al. 2010). We 
also note that UCD-like objects with half-light sizes up 
to 100 pc have been reported as confirmed members of 
the Virgo, Fornax and Coma clusters (Evstigneeva et 
al. 2007; Chiboucas et al. 2010.) 

The issue of whether UCDs contain dark matter, 
or not, is still subject to debate as the mass-to-light 
ratios are slightly higher than expected for a standard 
IMF with current stellar population models (Baum- 
gardt & Mieske 2008; Chilingarian et al. 2010). How- 
ever, it would only take a small difference in the IMF 
or additional cluster evolution physics for the inferred 
mass-to-light ratios to be consistent with a purely stel- 
lar system devoid of dark matter (see Dabringhausen 
et al. 2009 for further discussion of this issue). 

Formation scenarios for UCDs include a galaxy ori- 
gin, i.e. as the remnant nucleus of a stripped dwarf 
galaxy (Bekki et al. 2001) or as the rare surviving 
relic of a dwarf galaxy formed in the early Universe 
(Drinkwater et al. 2004). Star cluster origins include 
the merger of several smaller star clusters (Fellhauer 
& Kroupa 2002) or that they are simply the extension 
of the globular cluster sequence to higher masses (e.g. 
Mieske et al. 2004). Multiple origins are also possi- 
ble (Norris & Kannappan 2010; Da Rocha et al. 2010; 
Chilingarian et al. 2010). The observation that UCDs 
are consistent with the GC luminosity (mass) func- 
tion and follow a similar spatial distribution to GCs 
around a host galaxy would argue that most UCDs 
are effectively massive star clusters. So although some 
interesting exceptions may exist, we favour the view 
that UCDs today are dark matter free star clusters. 
Whether they should also be called 'galaxies' is dis- 
cussed below. 



Any of the numerous large groups of stars and other 
matter that exist in space as independent systems. 
( http: / /www. ocd.com/ ) 

A galaxy is a gravitationally bound entity, typically 

consisting of dark matter, gas, dust and stars. 

( http: / /astronomy.swin.edu.au / cms / astro / cosmos / ) . 

Most popular definitions require that a galaxy con- 
sists of matter that is gravitationally self-contained or 
bound. This matter could take different forms, but 
the presence of stars is generally required. Taking this 
as the starting point for the definition of a galaxy, we 
require that a galaxy is: 

I. Gravitationally bound 

A fundamental criterion to be a galaxy is that the mat- 
ter must be gravitationally bound (i.e. have a negative 
binding energy) within its own potential well. Matter 
that is unbound may include material stripped away 
by the action of a tidal encounter or 'evaporated' away 
if it exceeds the escape velocity of the system. 

If being gravitationally bound is a requirement to 
be a galaxy, then collections of 'tidal material' are not 
galaxies. 

II. Contains stars 

An additional key requirement is that a galaxy be 
a stellar system, i.e. include the presence of some 
stars. In the case of recently discovered ultra-faint 
dwarf spheroidal galaxies, the number of stars inferred 
can be as low as a few hundred. 

It is possible, and indeed predicted by some sim- 
ulations (e.g. Verde, Oh & Jimenez 2002), that 'dark 
galaxies' exist, i.e. dark matter halos that contain cold 
gas which has for some reason failed to form any stars. 
In general 21 cm radio searches for such objects indi- 
cate that they do not exist in large numbers, if at all 
(Kilborn et al. 2005; Doyle et al. 2005). 

If the presence of stars is a requirement to be a 
galaxy, then gas-rich, star-free 'dark galaxies' are not 
galaxies. 

These two criteria taken together would exclude 
tidal material and 'dark galaxies', but would however 
include star clusters, such as globular clusters and UCDs, 
in the definition of a galaxy. Additional criteria are 
probably required. A few suggestions and their impli- 
cations are listed below. 



3 The Definition of a Galaxy 

Descriptive definitions of a galaxy are numerous. Be- 
low are three examples selected from popular websites: 

A galaxy is a massive, gravitationally bound system 
that consists of stars and stellar remnants, an inter- 
stellar medium of gas and dust, and an important but 
poorly understood component tentatively dubbed dark 

matter. 

( http: / /en. wikipedia.org/wiki/Galaxy ) . 



• Two-body relaxation time > 

When a stellar system is in a stable dynamical state, 
the orbits of the stars are determined by the mean 
gravity of the system rather than localised encounters 
between individual stars. In other words, galaxies are 
long-lasting systems with smooth gravitational poten- 
tials that can be modelled over time by the collision- 
less Boltzmann equation (Kroupa 2008). This can be 
quantified by calculating the two-body relaxation time 
(Binney & Tremaine 1987; Kroupa 1998), i.e. 

rcl VG "lav InAf ' ' 

where G = 0.0045pc 3 M" 1 Myr~ 2 , M and r are the 
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mass (in M Q ) and characteristic radius (in pc) of the 
system and m av is the average stellar mass (typically 
0.5 Mq for old stellar systems) with the relaxation time 
given in Myrs. Systems with a relaxation time longer 
than the age of the Universe would include UCDs (M > 
10 6 Mq and r > 10 pc) and tidal dwarf galaxies (M > 
10 4 Mq and r > 100 pc) but not star clusters tradi- 
tionally classified as globular clusters (M < 10 6 Mq 
and r w 3 pc) 

If having a relaxation time longer than the Hubble 
time is a requirement to be a galaxy, then 'globular 
clusters' are not galaxies but 'ultra compact dwarfs' 
and 'tidal dwarf galaxies' are galaxies. 

• Half-light radius > 100 pc 

The half-light size, or effective radius, is a useful mea- 
sure of the extent of a stellar system. As mentioned 
above, UCDs generally have sizes up to 40 pc. The 
recently discovered ultra-faint dwarf spheroidals have 
sizes as small as 100 pc. Thus there appears to be 
a zone-of-avoidance, which can not be entirely due to 
selection effects, of sizes 40 < th < 100 pc for which 
objects are very rare (Gilmore et al. 2007; Belokurov 
et al. 2007). Gilmore et al. have argued that the 
few objects within this zone-of-avoidance are special 
cases which are probably not in equilibrium but in the 
throes of disruption. However the zone-of-avoidance 
is rapidly being filled, with several UCD-like objects 
have measured half-light sizes as large as 100 pc. 

If having a half-light size greater than ~100 pc 
is a requirement to be a galaxy, then 'ultra compact 
dwarfs' (and globular clusters) are not galaxies. 

• Presence of complex stellar populations 

In a sufficiently deep potential well, some gas left over 
from the first episode of star formation will remain. 
This gas, and more enriched gas from stellar mass loss 
and supernovae, may be available for a second episode 
of star formation. Thus complex stellar populations 
of different abundances and ages will be present in 
substantial stellar systems. This is in contrast to the 
single stellar populations found in most star clusters. 
However recent observational data has revealed clear 
evidence for multiple stellar populations in the more 
massive Milky Way globular clusters (Piotto 2009). A 
possible explanation for this is self-enrichment within a 
larger proto-cluster gas cloud (Parmentier 2004; Strader 
& Smith 2008; Bailin & Harris 2009). This self-enrichment 
process becomes apparent at masses around one mil- 
lion solar masses. 

If the presence of complex stellar populations is a 
requirement to be a galaxy, then massive globular clus- 
ters (and probably 'ultra compact dwarfs') are galax- 
ies. 

• Presence of non-baryonic dark matter 

Our standard paradigm of galaxy formation is that 
every galaxy formed in a massive dark matter halo 
(White &: Rees 1978). Thus the presence of dark mat- 
ter is seen by many as a key requirement to be classi- 
fied as a galaxy (e.g. Gilmore et al. 2007). It is un- 
fortunately a difficult property to measure empirically 
for dwarf galaxies, usually relying on measurements of 



the velocity dispersion. So although high dark mat- 
ter fractions have been inferred for Local Group dSph 
galaxies (assuming the velocity dispersion is a valid di- 
agnostic for these systems), dE galaxies indicate very 
little dark matter within the half-light radius (Toloba 
et al. 2010; Forbes et al. 2010) and perhaps to ~10 
times the half-light radius in the case of NGC 147 and 
NGC 185, depending on the choice of IMF and stellar 
population model (Geha et al. 2010). An alternative 
explanation to the measured high velocity dispersions 
is that non-Newtonian dynamics are operating (Brada 
& Milgrom 2000; McGaugh & Wolf 2010). 

We note that tidal dwarf galaxies, that form out 
of the collapse of disk material in a tidal tail after a 
merger, are not expected to contain much dark matter 
(Barnes & Hernquist 1992; Gentile et al. 2007). Thus 
if any of the dSph galaxies which surround the Milky 
Way in a disk of satellites (Metz et al. 2009; Kroupa et 
al. 2010) have a tidal dwarf origin they would not be 
expected to have a high dark matter content (and the 
observed velocity dispersions used to infer the presence 
of dark matter would be an invalid diagnostic). 

The dark matter galaxy formation scenario may 
extend down to GCs which have been suggested to 
form in (mini) dark matter halos (Bromm & Clarke 
2002; Mashchenko & Sills 2005; Saitoh et al. 2006; 
Griffen et al. 2010). However, they must have lost 
this dark matter as none as been detected to date in 
Milky Way GCs (Moore 1996; Baumgardt et al. 2009; 
Lane et al. 2010; Conroy, Loeb & Spergel 2010). 

If the presence of a massive dark matter halo is a 
requirement to be a galaxy, then probably 'tidal dwarf 
galaxies', 'ultra compact dwarfs', and possibly some 
Milky Way 'dwarf spheroidal galaxies' and 'dwarf el- 
liptical galaxies' are not galaxies. 

• Hosts a satellite stellar system 

Evidence that a galaxy dominates its environment could 
come from the presence of smaller satellite stellar sys- 
tems, such as dwarf galaxies (for large galaxies) or 
globular clusters. All known large galaxies possess a 
system of globular clusters, however some dwarf galax- 
ies do not host any globular clusters (e.g. Forbes 2005). 
For example, in the Local Group, the dwarf galaxy 
WLM has a single globular cluster but the galaxies 
Aquarius, Tucana and the recently discovered ultra- 
faint dwarf satellites of the Milky Way appear to have 
none. 

If the presence of a globular cluster system is a re- 
quirement to be a galaxy, then 'ultra compact dwarfs' 
and some of the smallest 'dwarf galaxies' are not galax- 
ies. 

Of course we don't live in a static Universe, and an 
object could evolve from a galaxy into a star cluster 
(or viz versa). For example, it has been suggested that 
globular clusters may sink to the centre of a galaxy via 
dynamical friction forming a galaxy nucleus. If that 
galaxy then loses its outer stars from tidal stripping, 
leaving only the remnant nucleus it may be classified 
as a UCD or a globular cluster. Passive evolution or 
interactions (mergers, tidal stripping etc) can change 
the nature of an object over time. The criteria listed 
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above apply to objects today and not their past or 
future state. 

Below we briefly mention some special cases of 
stellar systems which challenge attempts to define a 
galaxy. 

4 Special Cases 

• Omega Cen and Gl 

Omega Cen has traditionally been known as the most 
massive globular cluster in the Milky Way system. 
However, the presence of multiple stellar populations, 
its large size, elongation, Helium abundance and ret- 
rograde orbit have led many to suggest it is actually 
the remnant nucleus of a disrupted dwarf galaxy (Free- 
man 1993; Bekki & Freeman 2003). It may therefore 
represent a (low-mass) example of a UCD. Similar ar- 
guments have been made for the globular cluster Gl in 
M31 (Meylan et al. 2001; Bekki & Chiba 2004). Oth- 
erwise, both Omega Cen and Gl are consistent with 
the general scaling properties of massive globular clus- 
ters (e.g. Forbes et al. 2008). 

• Willman 1, Segue 1, Segue 2 and Bootes II 

Willman 1 (Willman et al. 2005), Segue 1 (Belokurov 
et al. 2007), Segue 2 (Belokurov et al. 2009) and 
Bootes II (Walsh, Jerjen & Willman 2007) are all low 
surface brightness objects discovered recently in deep 
surveys. They have low luminosities of My ~ -2 (stel- 
lar masses of a few hundred solar masses) and half light 
sizes of r h ~ 30 pc. Such values place them at the 
extreme of the globular cluster distribution and with 
relaxation timescales much shorter than the age of the 
Universe. In the case of Segue 1, Geha et al. (2009) 
suggested it is a galaxy with a mass-to-light ratio of 
~1200 on the basis of a measured velocity dispersion 
of 4.2 ± 1.2 km/s. Subsequently, Niederste-Ostholt et 
al. (2009) found that this velocity dispersion may be 
inflated by nearby Sagittarius dwarf galaxy stars, and 
favoured a globular cluster status for Segue 1. Most re- 
cently, Simon et al. (2010) have reiterated that Seque 1 
is a dark matter dominated dwarf galaxy. They con- 
clude that stars from the Sagittarius dwarf do not un- 
ducly affect their results and that ...the metallicities of 
stars in Segue 1 provide compelling evidence that, ir- 
respective of its current dynamical state, Segue 1 was 
once a dwarf galaxy. 

• Coma Berenices 

Coma Berenices was discovered by Belokurov et al. 
(2007). Deep imaging by Munoz, Geha and Willam 
(2010) indicates a half-light size of r^ = 74 pc and 
an ellipticity of 0.36. The V band luminosity was 
determined to be My = -3.8. Thus it has a simi- 
lar luminosity to Willman 1, Segue 1, 2 and Bootes 
II but is significantly larger in size. Its size places 
it within the half-light zone-of-avoidance between the 
locus of globular clusters/UCDs and dwarf galaxies. 
However there is no obvious sign of tidal stripping to 
faint surface brightness levels. Simon & Geha (2007) 
derive a metallicity [Fe/H] = -2 with zero dispersion. 
However, Kirby et al. (2008) quote a mean metallic- 



ity of [Fe/H] = -2.53 with a large dispersion of 0.45 
dex. The latter suggests that multiple stellar popu- 
lations may be present in Coma Berenices. We note 
that the Simon & Geha (2007) metallicity for Coma 
Berenices is similar to that for GCs of a comparable 
luminosity, whereas the Kirby et al. (2008) metallic- 
ity is more metal-poor than the most metal-poor Milky 
Way GC and is consistent with an extrapolation of the 
metallicity-luminosity relation to lower stellar masses. 

• VUCD7 and F-19 

The UCDs VUCD7 in the Virgo cluster (Evstigneeva 
et al. 2007) and F-19 in the Fornax cluster (also known 
as UCD3; Mieske et al. 2008) are classified as very lu- 
minous UCDs with My ~ -13.5, measured sizes of r h 
~ 90 pc and central velocity dispersions of a ~ 25 
km/s. These values imply masses of ~ 10 s Mq and a 
location within the half-light zone-of-avoidance. How- 
ever, both of these objects might be better described 
as a UCD with an extended (~ 200 pc) envelope of 
stars. They may represent transition objects between 
nucleated dwarfs and (envelope-free) UCDs. 

• M59cO 

M59cO (also known as SDSS J124155.33+114003.7), 
located in the Virgo cluster, was discovered by Chilin- 
garian & Mamon (2008). They measured its key prop- 
erties to be Th = 32 pc, o = 48 km/s and Mv ~ -13.5, 
and suggested that it is a transition object between 
UCDs and compact ellipticals like M32. However its 
properties place it much closer to those of UCDs than 
M32. 

• NGC 4546 UCD1 

Norris & Kannappan (2010) report the discovery of a 
UCD with My ~ -13 associated with the nearby SO 
galaxy NGC 4546. This UCD is found to have a young 
age of ~ 3 Gyr and to be counter-rotating with respect 
to the stars in NGC 4546 (although, interestingly it co- 
rotates with the gas around NGC 4546). The high lu- 
minosity, young age and retro-grade orbit of the NGC 
4546 UCD would make it a prime candidate for a stel- 
lar system that is not simply a massive globular cluster 
of NGC 4546 - but rather an object that was formed, 
or accreted, in a tidal interaction some 3 Gyrs ago. 

• Bootes III, Hercules and Ursa Major II 

These may be objects in transition between a bound 
dwarf galaxy and unbound tidal material. In the case 
of Bootes III, which is on a highly radial orbit, Carlin 
et al. (2009) argue that its internal kinematics and 
structure suggest an object in the process of tidal dis- 
ruption. It shows evidence for a metallicity spread in 
its stars. Hercules is perhaps the most elongated Milky 
Way dSph galaxy (apart from the disrupted Sagittar- 
ius dwarf galaxy) with an ellipticity from deep imaging 
of ~0.65 and a half-light size of ~170 pc (Coleman et 
al. 2007). We note that its elongation (and other 
properties) resemble model RS1-5 of Kroupa (1997). 
This simulation followed the tidal disruption of a dwarf 
galaxy, in a Milky Way like halo, that formed without 
dark matter (e.g. from condensed gas in a tidal tail). 
Ursa Major II shows signs of ongoing tidal interaction 
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(Munoz et al. 2010). Both Hercules and Ursa Major II 
reveal evidence for multiple stellar populations (Kirby 
et al. 2008). 

• VCC 2062 

Due et al. (2007) have suggested that VCC 2062, 
located in the Virgo cluster, is a tidal dwarf galaxy 
formed as the result of an interaction involving NGC 
4694 and another galaxy. It contains a large quantity 
of cold gas and exhibits low-level ongoing star forma- 
tion, along with evidence of older (0.3 Gyr) stars. It 
has a total luminosity of Mb = -13 and size of a few 
kpc. The HI gas reveals a velocity gradient indicative 
of rotation. The baryonic (i.e. stellar and cold gas) 
mass content accounts for a large fraction of the in- 
ferred dynamical mass of VCC 2062. 

A summary of how some special case objects match- 
up to the different criteria given above is given in Table 
1. If the object satisfies the requirement to be a galaxy 
it is assigned a y 7 , a 'X' if it fails and a '?' if it is cur- 
rently uncertain. As far as we are aware none of the 
special case objects hosts a satellite, thus each is as- 
signed an 'X' in that column of Table 1. The presence 
of dark matter is often controversial and assumes that 
the measured velocity dispersion is not dominated by 
interpolers, binary stars or tidal heating effects (the 
latter is questionable for Bootes III). Under this as- 
sumption, two of the objects have good evidence for a 
high non-baryonic dark matter content. Even if we ex- 
clude the satellites criterion, none of the objects listed 
in Table 1 satisfies all of the criteria. 



5 Conclusions 

Here we have accepted the popular definition of a galaxy 
requiring that it be both gravitationally bound and 
consist of a system of stars. As such criteria would 
include globular (star) clusters, additional criteria are 
required to define a galaxy. We suggest that the next 
best criterion is a dynamical one, i.e. that the stars 
are collisionless, subject to the general gravitational 
field of the system. This can be usefully quantified 
using the two-body relaxation time. With these three 
criteria, globular clusters are effectively excluded from 
the definition of a galaxy, as are Omega Cen, Segue 1 
(and similar objects) and Coma Berenices. However 
Ultra Compact Dwarfs (and perhaps the most massive 
globular clusters) would be classed as galaxies. Al- 
though this may satisfy some, a fourth criterion would 
be required to exclude Ultra Compact Dwarfs. We 
suggest a size-based criterion, e.g. half-light radius 
greater than 100 pc. This fourth criterion would ex- 
clude the vast bulk of known Ultra Compact Dwarfs 
but may still include extreme objects such as VUCD7 
and F-19. Bootes III (and similar objects, assuming 
they are gravitationally bound) and tidal dwarfs like 
VCC 2062 would also be classed as galaxies. 

The combining of criteria above is somewhat sub- 
jective and the opinion of two astronomers. The deci- 
sion of how to define a small planet, and hence the tax- 



onomic fate of Pluto, was decided by 424 astronomers 
present on the last day of the IAU General Assembly 
in Prague, held in August 2006. In order to capture 
the thoughts of a wider audience about how to define a 
galaxy, we invite readers to vote. This 'collective wis- 
dom' or 'crowd-sourcing' will be captured in an online 
poll. The poll allows one to choose the single best cri- 
terion or multiple criteria. Results of the poll will be 
reported from time to time at future astronomy con- 
ferences. The website for anonymous voting is: 
http: / /www.surveymonkey.com / s / WLRJMWS 
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